Abstract: In this contribution we investigate the problem of linear velocity estimation of a Gun Launched Micro Air Vehicle (GLMAV), which is a new Micro Air Vehicle (MAV) concept, intended for outdoor flight, and using two-bladed coaxial contra-rotating rotors. The linear velocity estimation is realized using a simple time-varying Luenberger-like observer, and only using partial measurmements of an Inertial Management Unit (IMU). Simple conditions of the observation-error-asymptotic-stability are given in terms of physical variables of the GLMAV. The reduced-order observer stability analysis is realized through the Lyapunov approach and the Barbalat's lemma. Simulations results show the effectiveness of the estimation technique applied to the presented GLMAV model, identified from experimental results.
INTRODUCTION
Research and developments related to Unmanned Micro Air Vehicles (UMAVs) have been the subject of growing interest over the last few years, motivated by the recent technological advances in the fields of actuator miniaturization and embedded electronics. Thus the design of efficient and low-cost UMAV systems with autonomous navigation capacity has become possible, providing new tools for both civilian and military applications over the next years. The UMAV main objective will be to deport the human vision beyond the natural horizon, in order to accomplish risky missions in the place of humans and in confined environments. Therefore, the new required capabilities will be to combine the hover flight to investigate a specific item in cluttered spaces with the agressive flight at high speeds and accelerations to reach remote areas, for both indoor and outdoor flights. The rotary-wing UMAV is presently a fully potential and promising solution to this dual requirement among the vast existing mechanical configurations described in the literature (Lozano (2010) ; Castillo et al. (2005) ; Cerro et al. (2004) ; Ganguli (2004) ; Valvanis (2007) ) amidst the families of single-rotor, twin-rotor, quad-rotor or hybridrotorcraft configurations. The coaxial contra-rotating rotor architecture was chosen here because it best fulfils the needs of the Gun Launched Micro Air Vehicle (GLMAV) project. Previous studies (Gnemmi et al. (2009) ; Wereley and Pines (2001) ; Smith et al. (2003) ) have demonstrated the GLMAV concept feasibility based on theoretical and experimental investigations. Since the GLMAV must be as light as possible for low ⋆ This work is supported by the french public administrative establishment National Research Agency under the number ANR 09 SECU 12. cost and low energy consumption, it becomes natural to use a state estimator to deduce all the necessary variables. Observers are usually used to estimate the non measured state for feedback control purpose, or to generate residual signals for fault diagnosis. In this paper, we propose to estimate the complete translational velocity of the GLMAV only from partial velocity masuremements given by the Inertial Management Unit (IMU). The main reason is to keep an accurate estimation of the linear velocity, even if some sensors failed in the IMU. Furthermore, the GLMAV linear displacement velocity is a vital information to quantify the wind-disturbance velocities to which the GLMAV is subjected. Since the GLMAV is mainly dedicated to the outdoor flight, it will be subject to wind-disturbance in autonomous flight mode, and will be very sensitive to this disturbance. Some promising results about the wind-disturbance estimation
. GLMAV with articulated rotor by cyclic swashplate.
problem are presented in (Koehl et al. (2010) ) using an Extended Kalman Filter-like observer with a Sliding Window.
In the following, we estimate the GLMAV body velocity displacement only using a simple time-varying Luenbergerlike observer and the GLMAV model. The simple time varying-observer is effective and needs less computational requirements compared with nonlinear observer (Benzemrane et al. (2007) ). The GLMAV model has good prediction capabilities, as it is built from theoretical and experimental results and validated for hover and near-hover flight conditions. The Luenberger-like observer is designed, the asymptotic stability of the estimation error is proved using Barbalat's Lemma and the existence conditions of the observer are given. Unlike Boutayeb et al. (2008) who has already used a time-varying observer for speed estimation, in our case the measured output is not the state derivative, considering our UAV model. The speed estimation results are presented in this paper by means of numerical simulations.
GLMAV MODELING
In this Section we present the GLMAV mathematical model built from the mechanical and aeromechanical physical laws. The GLMAV mechanical architecture is based on two-bladed coaxial contra-rotating rotors, Figure ( 2). The GLMAV mathematical model can be divided into two submodels, i.e. a rigid body with 6 Degrees of Freedom (DoF), supplemented by forces from the aerodynamic model, generated by the rotor rotational speeds and the swash-plate incidence angles.
6-DoF Model
Considering the GLMAV to be a rigid body with a fixed mass m, the following generic 6-DoF Equations refer to its motion in the three-dimensional space. It describes the rotational and translational dynamics and kinematics using Newton's second law, the six aerodynamic loads X, Y, Z, L, M, N, and the motion-derived Equations described relative to the body-fixed reference frame. Thus, the translational kinematics is written as:
where x, y, z are the three gravity center position variables expressed in the earth coordinate system, E φ,θ,ψ is the rotation matrix between Earth and body coordinate systems {O, x e , y e , z e },{G, x b , y b , z b } depending on the Euler Angles φ, θ, ψ, and the three gravity center translational velocities u, v, w expressed in the body coordinate system. The rotational kinematics depends on the Euler angles and the three angular velocity variables p, q, r such that:
The translational dynamic Equation is written as:
Finally, the rotational dynamic Equation is expressed as:
where the GLMAV inertial matrix I is approximated by diag[I xx , I yy , I zz ] as the GLMAV is axisymmetric along z b , implying that the non-diagonal elements of I could be approximated by zero. Furthermore, for the same reason as previously: I xx ∼ = I yy .
Aerodynamic Modeling
In the following, the presented aerodynamic model is divided into the forces induced by the body immersed in the airflow and the loads generated by the coaxial rotors and the cyclic swash-plate incidence angles.
Forces generated by the coaxial rotor The thrust is the main force generated by both rotors allowing the GLMAV to control its rate of climb. The total force T generated by the coaxial rotor is written as:
where z b and y b are base vectors, δ cx and δ cy are the swash-plate incidence angles, Ω 1 and Ω 2 are the upper and lower rotor-rotation speeds respectively, α and β are the rotors aerodynamic coefficients, and σ is an aerodynamic loss coefficient with 0.8 σ 1.
Total wind velocity In order to determine the aerodynamic forces acting on the body, it is necessary to know both the direction and velocity of the total airflow inside which the GLMAV operates. In all, three main wind sources composing the total wind vector V tot can be identified: the first component corresponds to the airflow speed V prop generated by the coaxial rotors; the second component is V body = [u v w] ⊤ due to the airflow generated by the translational and rotational body displacements, and finally, a third component V wind is due to the externally induced wind, in general unpredictable. The total wind vector in the body coordinate system is then written as:
Forces acting on the body Given that the expression of V tot is known, the forces acting on the GLMAV body could be defined supposing that the body (i.e. the shell of the GLMAV) is composed of two elementary volumes: a cylinder and a half-sphere. The three force components of the body force f body depend on the air density ρ, the body length l and diameter D, the cylinder surface S c , the half-sphere surface S s , the aerodynamic coefficients C x , C y and C z , and the total wind velocity V tot ;
with
The weight-force component f p acting on the GLMAV is written as:
Moments induced by both rotors The pitch, roll and yaw moments, respectively M, L and N are induced by the incidence angles of the lower rotor and are written as follows:
where d is the distance between the points G and O 2 , and γ 1 , γ 2 are the yaw aerodynamic coefficients.
MODEL IDENTIFICATION
From this point onward, the purpose consists of determining of the aerodynamic parameter values α, β, C z , γ 1 and γ 2 , by using the GLMAV model described in section (2) as well as the measured input-output data collected from experiments.
Experimental Design
The experimental purpose was to measure the loads according to the rotor-rotation speeds and to the cyclic swash-plate incidence angles defined as input data. The six load components were measured using a strain-gage aerodynamic balance illustrated in figure (3) . The GLMAV was rigidly fixed to the aerodynamic balance which was also fastened to a supporting base. The GLMAV mechanical design was inspired by the ready-to-fly model kit and was made from both purchased and ISL-designed components.
Validation Results
Given that the aerodynamic model input-output data are known from experiments, the aerodynamic parameters α, and identified aerodynamic model of the GLMAV. This GLMAV modelling is a solid work base for the development of the linear velocity observer in the next sections (4)- (6), and for the estimation tests realized through numerical simulations in section (7).
PROBLEM STATEMENT
The state variables of the GLMAV are the Euler Angles (φ, θ, ψ), the position of the gravity center (x, y, z) expressed in the Earth coordinate system, the angular ve-
Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011
locities (p, q, r) and the translational velocity (u, v, w) expressed in the body coordinate system. Since the GLMAV is equipped with an IMU, it is assumed that the measured variables are (φ, θ, ψ), (p, q, r) and (ẋ,ẏ,ż). The aim of this section is the synthesis of a simple time-varying observer of the GLMAV velocity (u, v, w) from partial measurements only, wich are not the state derivative unlike Boutayeb et al. (2008) . Hence, we consider a reduced linear timevarying GLMAV model for the velocity observation problem, which corresponds only to equations (1) and (3) from Section (2), such that:
where Γ(t) corresponds to the sum of the aerodynamic force components described in Section (2.2) divided by the GLMAV mass (X/m, Y/m, Z/m), that is the acceleration measured by the IMU. The developped expression of the system (11) is :
where
with c α = cosα, s α = sinα and
Assumption 1. The Euler angles are small in the hover flight, near hover flight and cruise flight cases, that is that they are bounded between realistic values of −0.18rad and +0.18rad. Therefore, we consider that s α ≈ α and c α ≈ 1.
To simplify the observer gain synthesis and the asymptotic convergence of the observation error from a Luenbergerlike observer form in the next Section, the equation (13) is simplified from assumption (1) as:
OBSERVER DESIGN
The proposed Luenberger-like time-varying observer has the following form:
wherex(t) is the state estimation and K(t) is the observer gain.
Assumption 2. φ, θ, ψ andφ,θ,ψ andφ,θ,ψ are all bounded. Therefore E(t),Ė(t) andË(t) are also bounded.
Remark 1. As φ ∈ R, θ ∈ R and ψ ∈ R, the relations φ 2 = −1, θ 2 = −1 and ψ 2 = −1 are always true.
Assumption 4. rank [Ω(t)] = 3 is true ∀ C i for i = 1, ..., 3 and ∀ t ≥ 0 with
Lemma 1. Assume that assumptions (2), (3) and (4) hold, then the system (16) is an asymptotic observer for the system (11) if the observer matrices are chosen as:
where γ is a strictly positive tuning parameter of the observer convergence speed.
We setė(t) =ẋ(t) −ẋ(t), then the developped expression of the error dynamics becomes:
From equation (19), the unbiasedness conditions are:
and it follows:
Knowing the unbiased conditions, the equation (19) reduces to the homogeneous equation of the time-relative error-derivative, such that:
From this point on, we choose the gain K(t) such that:
By computing equations (21) and (23), the expression of N(t) becomes:
(24) Finally, by computing equations (22) and (24), the observation error dynamics becomes:
if we choose the gain L(t) such that:
Then using assumption (3), it is easy to see that rank [Q(t)] = 2 ∀ t ≥ 0. It follows that the generalized inverse of Q(t) exists and the best approximation of L(t) to solve equation (26) is:
where Q + is the Moore-Penrose inverse of Q (Lancaster and Tismenetsky (1985) ) such that:
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STABILITY AND OBSERVABILITY ANALYSIS
In this section, we prove that the observation error asymptotically converges to zero. We give the existence conditions of our observer and we give the observability conditions of our system (11). We also first consider the following Lyapunov function candidate:
The time derivatives of V(t) along (30) leads to:
Since V(t) defined on [0, +∞[ is monotically non increasing, then V(t) is bounded and converges asymptotically to a limit value l such that:
(32) Furthermore, as E(t) ≡ 0, then e(t) is also bounded. The time derivative ofV(t) along (16) gives:
. It is easy to see thatV(t) is bounded using assumption (2) since e(t) is bounded; this implies thatV(t) is Uniformly Continuous (U.C.). From this point onward, using the Barbalat's lemma (Khalil (2000) ) implies that that:
(34) Now in order to prove that:
e(t).
(36) From Relations (34) and (31) we deduce that: Φ(t) → 0 as t → +∞.
(37) The time derivatives of Φ(t) are :
. Using assumption (2) and the fact that e(t) is bounded imply thatΦ(t) is bounded. AsΦ(t) is bounded, it follows thatΦ(t) is Uniformly Continuous (U.C). Hence, we use the Barbalat's lemma to prove thatΦ(t) tends to zero as the time t tends to infinity, knowing that Φ(t) tends to zero as the the time t tends to infinity, such that:
as t → +∞. From relations (40) and (38), it simply follows that:
as t → +∞, and thus C i E(t)e(t) → 0 as t → +∞ C iĖ (t)e(t) → 0 as t → +∞ ⇒ Ω(t)e(t) → 0 (42) as t → +∞ where
Using assumption (4), the relation (42) implies that: e(t) → 0 as t → +∞.
(44) Up to here, the lemma (1) has been demonstrated.
Remark 2. The rank observability condition for the system (11) is given by:
Using the relation:
where I 3 is the squared identity matrix of dimension 3, it follows that:
(47) Consequently, the observability condition is a necessary condition for the asymptotic convergence of the observation error.
In the following, we consider that the derivative Euler Angles are always varying in order to fullfill one of the observer existence condition, that is assumption (4).
NUMERICAL SIMULATIONS
The numerical simulations aim to simulate the process and therefore to compare the estimated velocities from the observers with the real simulated velocities from the identified nonlinear model presented in section (2). The process is discretized using the fourth-order Runge-Kutta integration method with a sample time of 10 −4 second. The initializations of the inertial, mechanical and aerodynamic parameters are known and constant. The initialization of the 6-DoF model is given by: 
We simulate the process with the three observers at the same time (i.e. with the three different configurations of the matrix C i ). The initilization of the observer i at the time t = 0s are
Due to restriction on the paper length, we choose to present the simulation results of the observer constituted by the C 1 matrix, although the three observers were successfully tested for many different initializations. Thus, the results show by the figure (5) are the linear velocity estimates 1û , 1v , 1ŵ compared to the real linear velocities 1 u, 1 v , 1 w simulated by the nonlinear indentified model described in section (2). The figure (6) also shows that the observation errors
, 1 e w = 1 w − 1ŵ tends to zero over time. Through figure (7), we noticed that the noise added to the acceleration measurements Γ(t) has a weak influence on the observation error. Indeed, after we simulated 1û by using Γ(t) and 1û noisy by using simulated noisy-accelerometers-signals Γ(t) noisy , the difference between 1û and 1û noisy denoted 1 eû ,ûnoisy was still very low and therefore negligible. The noise added to Γ(t) was a random white noise of approximately 30% of the maximum amplitude of the generated signals Γ 1 (t), Γ 2 (t) and Γ 3 (t).
CONCLUSION
In this paper we addressed the problem of the linear velocity estimation of a Gun Launched Micro Air Vehicle (GLMAV) intended for outdoor flight, only using partial measurmements of an Inertial Management Unit (IMU). The main contribution concerns the sufficient and simple asymptotic-stability-proof of the observation error of the proposed linear time-varying reduced-order observer, and based on an comprehensive and experimentally identified GLMAV model. Indeed, simulation results show the effectiveness of the proposed Luenberger-like observer, applied to our linear velocity estimation problem.
